Abstract Purpose:We investigated whether BRCA1mRNA expression levels may represent a biomarker of survival in sporadic epithelial ovarian cancer following chemotherapy treatment. Experimental Design: The effect of loss of BRCA1 expression on chemotherapy response in ovarian cancer was measured in vitro using dose inhibition assays and AnnexinV flow cytometry. Univariate and multivariate analyses were done to evaluate the relationship between BRCA1 mRNA expression levels and survival after chemotherapy treatment in 70 fresh frozen ovarian tumors. Results: We show that inhibition of endogenous BRCA1 expression in ovarian cancer cell lines results in increased sensitivity to platinum therapy and decreased sensitivity to antimicrotubule agents. In addition, we show that patients with low/intermediate levels of BRCA1 mRNA have a significantly improved overall survival following treatment with platinum-based chemotherapy in comparison with patients with high levels of BRCA1mRNA (57.2 versus18.2 months; P = 0.0017; hazard ratio, 2.9). Furthermore, overall median survival for higher-BRCA1-expressing patients was found to increase following taxane-containing chemotherapy (23.0 versus 18.2 months; P = 0.12; hazard ratio, 0.53). Conclusions: We provide evidence to support a role for BRCA1 mRNA expression as a predictive marker of survival in sporadic epithelial ovarian cancer.
The BRCA1 tumor suppressor gene is associated with susceptibility to both hereditary breast and ovarian cancer (1, 2) . Approximately 5% to 15% of ovarian cancers are inherited and BRCA1 germ-line mutations account for 90% of these cases conferring a cumulative lifetime risk of 54% compared with 1.8% within the general population (3, 4) . Although somatic mutations of BRCA1 are uncommon in sporadic ovarian tumors (5) , down-regulation of BRCA1 has been reported in >72% of high-grade sporadic ovarian cancers, suggesting that BRCA1 may also play a major role in the development of sporadic epithelial ovarian cancer (6, 7) . Epigenetic inactivation of BRCA1 is at least partially due to hypermethylation of the BRCA1 promoter, which has been observed in up to 15% of cases (8, 9) .
Several preclinical breast cancer studies have indicated that BRCA1 is an important determinant of response to both DNAdamaging and taxane-based chemotherapy. Evidence that BRCA1 deficiency, whether through inherited mutation or epigenetic down-regulation, confers marked sensitivity to DNAdamaging agents is derived from numerous in vitro studies (10 -15) . Furthermore, several retrospective breast cancer clinical studies are in agreement with these preclinical findings. It has been shown that BRCA1 mutation carriers gain a significant survival advantage from DNA damage -based chemotherapy compared with non -mutation carriers (16, 17) . In addition, reduced BRCA1 protein expression in sporadic epithelial ovarian cancer was found to correlate with improved survival (18) . Finally, a retrospective analysis of BRCA1 mRNA levels in a cohort of sporadic lung tumors showed that low-BRCA1-expressing patients had reduced risk of death following cisplatin treatment (19) . Taken together, these studies provide evidence that, in addition to BRCA1 mutation, reduced expression levels of BRCA1 mRNA and protein may also predict response to DNA damage -based chemotherapy.
In contrast to the increased response to DNA damage -based chemotherapy observed in BRCA1 deficient cells, there is now evidence to suggest that loss of functional BRCA1 confers increased resistance to antimicrotubule agents. Initially, it was observed that overexpression of BRCA1 in MBR62-bcl2 breast cancer cells enhanced sensitivity to paclitaxel (20) . Subsequently, it was shown that reconstitution of exogenous BRCA1 in the BRCA1-mutant HCC1937 breast cancer cell line resulted in enhanced sensitivity to both paclitaxel and vinorelbine (10, 11) . In accordance, inhibition of endogenous BRCA1 expression by small interfering RNA (siRNA) -mediated knockdown in both T47D and MCF7 breast cancer cells resulted in resistance to paclitaxel (11, 21) . Furthermore, BRCA1-deficient murine cells showed a reduced apoptotic response following treatment with taxanes (14) . Finally, a recent clinical study suggested that absence of BRCA1 expression is an independent predictor of time to progression in advanced breast cancer patients treated with taxanes (22) .
To date, the role of BRCA1 as a predictor of differential response to chemotherapy in ovarian cancer has been less well established. However, in agreement with in vitro breast cancer cell line models, it has been shown that antisense inhibition of BRCA1 in cisplatin-resistant SKOV3 ovarian cancer cells dramatically sensitized these cells by disruption of BRCA1-dependent DNA repair (23) . Similarly, overexpression of BRCA1 in ID8 murine ovarian cancer cells reduced sensitivity to cisplatin and other DNA-damaging agents (24) . Furthermore, transfection of BRCA1 into the BRCA1-mutated SNU251 ovarian cancer cell line increased resistance to ionizing radiation (25) . Finally, clinical studies have reported that BRCA1 mutation status is a significant predictor of survival in patients with advanced ovarian carcinoma, which may be due to increased benefit from platinum-based chemotherapy (26, 27) . The role of BRCA1 mRNA expression as a predictive marker of response to both platinum agents and taxanes in sporadic ovarian cancer has not yet been assessed. We therefore evaluated the role of BRCA1 mRNA expression as a predictive marker of survival following chemotherapy in sporadic epithelial ovarian cancer.
Materials and Methods
In vitro ovarian cancer cell lines. The BG1-Neo and BG1-AS4 cell lines were gifts from Dr. Lois Annab (National Institute of Environmental Health Sciences, Research Triangle Park, NC; ref. 28 ) and OVCAR5 cells were purchased from Cancer Research UK Cell Services. Cells were maintained in DMEM and RPMI, respectively, and supplemented with 10% fetal calf serum, 1 mmol/L sodium pyruvate, and 50 Ag/mL penicillin-streptomycin (Life Technologies, Inc.).
Antibodies and Western blot analysis. BRCA1 immunoprecipitationWestern blots were done with the mouse monoclonal antibodies AB-1 and AB-4 for immunoprecipitation and immunoblotting, respectively (Calbiochem). Protein lysates (1 mg) were prepared using ELB buffer before immunoprecitation and separated by 6% SDS-PAGE as previously described (11) .
SiRNA abrogation of BRCA1 expression. OVCAR5 cells were transfected twice with a BRCA1-specific oligonucleotide and a scrambled oligonucleotide control using Oligofectamine (Invitrogen) as previously described (11) . Dose inhibition assays were done 24 h posttransfection as described below.
Dose inhibition assays. Assays were done using BG1-Neo and BG1-AS4 cells, and OVCAR5 cells transfected with either scrambled siRNA or BRCA1 siRNA oligonucleotides. Cells were then treated for 48 h with either paclitaxel (Taxol, Bristol Myers Squibb), docetaxel (Taxotere, Sanofi Aventis), carboplatin (Carboplatin, Mayne Pharma, Plc), or cisplatin (Cisplatin, Mayne Pharma) within a concentration range of 10 -4 and 10 -12 mol/L as previously described (11) . Inhibitory concentrations (IC 50 ) were then calculated using Prism software.
Annexin V-FITC apoptosis analysis. BG1-Neo and BG1-AS4 were either left untreated or treated for 48 h with 10 nmol/L paclitaxel and 1 Amol/L cisplatin before staining with both propidium iodide and FITC-conjugated Annexin V (Trevigen, Inc.) according to the manufacturer's instructions. Flow cytometric anaysis was done with a Coulter Epics XL flow cytometer.
Patients. Seventy ovarian cancer cases were identified of patients who had previously been treated with surgery and chemotherapy at the Northern Ireland Cancer Centre, Belfast, United Kingdom. Median age at diagnosis was 58.9 F 2.8 years and 78.6% of the patients presented with stage III or stage IV. In addition, it was noted that none of the patients were BRCA1 mutation carriers. Further clinicopathologic characteristics of the patient cohort are summarized in Table 1 . Ovarian tumor sections were taken at the time of surgery and immediately snap frozen. Samples for analysis were histopathologically verified as having high tumor content and minimal stromal contamination. The median follow-up of patients was 88.5 months (range, 57-174 months). Clinical outcomes were obtained from hospital records; ethical approval was obtained from the Office of Research Ethics Committees in Northern Ireland and National Health Service research governance approval from the Belfast City Hospital Trust.
Measurement of BRCA1 gene expression in ovarian tissue samples. Total cellular RNA was extracted from tumor samples using RNA Stat60 (Tel-Test, Inc.) before treatment with DNase I (Invitrogen). Total RNA (2 Ag) was then reverse transcribed for cDNA generation using random primers and Moloney murine leukemia virus reverse transcriptase (both from Invitrogen) as described by the manufacturer. A quantitative realtime PCR method was used to measure BRCA1 mRNA expression in fresh-frozen ovarian tumors as previously described (29) . Primer sequences for the endogenous reference genes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-tubulin, were GAPDH, 5 ¶-TCAAGAAGGTGGTGAAGCAG-3 ¶ (forward) and 5 ¶-AAAGGTGGAG-GAGTGGGTGT-3 ¶ (reverse), and h-tubulin, 5 ¶-CGCAGAAGAGGAG-GAGGATT-3 ¶ (forward) and 5 ¶-GAGGAAAGGGGCAGTTGAGT-3 ¶ (reverse). Two BRCA1-specific primer sets, termed BRCA1ss1 and BRCA1ss2, were used and sequences were, for BRCA1ss1, 5 ¶-GGCT-ATCCTCTCAGAGTGACATTT-3 ¶ (forward) and 5 ¶-GCTTTATCAGGT-TATGTTGCATGG T-3 ¶ (reverse), as previously described (19) , and for BRCA1ss2, 5 ¶-GCGTCCCCTCACAAATAAAT-3 ¶ (forward) and 5 ¶-CTTGACCATTCTGCTCCGTT-3 ¶ (reverse). Quantitiative real-time PCR analysis was done on the Opticon 2 System (Bio-Rad) using SYBR Green (Finnzymes) according to the manufacturer's instructions. Relative BRCA1 mRNA expression was quantified using the standard curve method. For accurate normalization purposes, the linearity of the PCR amplification reactions for endogenous reference genes was confirmed as comparable to both BRCA1 primer sets (data not shown). BRCA1, b-tubulin, and GAPDH mRNA levels were then calculated from their respective standard curves. BRCA1 mRNA was defined as the mean of its quantification by each BRCA1 primer set following normalization to both b-tubulin and GAPDH. Results obtained were the mean of two independent experiments. Statistical analysis. Patient characteristics were compared using simple descriptive statistics with t tests and m 2 contingency tables. Overall survival was assessed using Kaplan-Meier curves with the logrank test and Cox proportional hazards. All statistical analyses were done using Prism and SSPS version 15 software.
Results
BRCA1 differentially modulates chemotherapy-induced apoptosis in two in vitro models of sporadic epithelial ovarian cancer. BRCA1 has previously been implicated as a differential modulator of chemotherapy response in several breast cancer cell line models (30) . To investigate the effect of downregulated BRCA1 expression on chemosensitivity in sporadic ovarian cancer, we used two complementary in vitro ovarian cancer cell line models. The BG1 cell line was derived from a patient with stage III, poorly differentiated ovarian adenocarcinoma and is wild-type for both BRCA1 and p53 (31) . BG1 cells were stably transfected with a BRCA1 antisense construct or an empty vector control to generate the BG1-AS4 and BG1-Neo cell lines, respectively (28) . The OVCAR5 cell line was derived from a patient with advanced ovarian epithelial cancer with no prior cytotoxic therapy and is also wild-type for both BRCA1 and p53 (32) . Abrogation of endogenous BRCA1 expression in this cell line was achieved using a siRNA-based approach. Antisense-and siRNA-mediated inhibition of endogenous BRCA1 protein expression in BG1 and OVCAR5 cells, respectively, was confirmed by immunoprecipitation-Western blot analysis (Fig. 1A and B) .
We proceeded to investigate the ability of BRCA1 to regulate apoptotic response following platinum-and taxane-based chemotherapy drugs. To do this, we carried out Annexin V flow cytometry in which cellular uptake of both propidium iodide and FITC-conjugated Annexin V is representative of late apoptosis. BG1-Neo and BG1-AS4 cells were either untreated or treated with 10 nmol/L paclitaxel or 1 Amol/L cisplatin for 48 h, and the resulting apoptotic fractions were normalized to their appropriate controls. Following 1 Amol/L cisplatin treatment, a significantly higher apoptotic fraction was observed in BG1-AS4 cells compared with BG1-Neo cells [2.3-fold (SE, 0.310) versus 1.5-fold (SE, 0.125); P = 0.042; Fig. 1C ]. In contrast, treatment of BG1-Neo cells with 10 nmol/L paclitaxel resulted in a 2.7-fold increase in the proportion of these cells undergoing apoptosis, compared with a 1.5-fold increase in BG1-AS4 cells (P = 0.004; Fig. 1D ). Taken together, these data reveal that reduced BRCA1 expression promotes apoptotic response to cisplatin and inhibits apoptotic response to paclitaxel.
To further assess these phenotypic responses, we carried out dose inhibition assays using both BG1 and OVCAR5 cells. In agreement with the Annexin V flow cytometry data, we showed that antisense inhibition of BRCA1 expression in BG1-AS4 cells results in a >60-fold increase in sensitivity on treatment with cisplatin with IC 50 values decreasing from 1.0 Amol/L in BG1-Neo cells to 50 nmol/L in BG1-AS4 cells (Fig. 2A) . In agreement with this, when compared with scrambled oligonucleotide control, siRNA-mediated inhibition of endogenous BRCA1 expression in OVCAR5 cells results in a >80-fold increase in sensitivity on treatment with cisplatin with IC 50 values decreasing from >10 to 0.14 Amol/L (Fig. 2B) . Similar effects were also observed following treatment with carboplatin in both cell line models (data not shown).
In contrast to the observed increase in sensitivity following treatment with platinum-based compounds, inhibition of endogenous BRCA1 expression resulted in a marked increase in resistance to the antimicrotubule agents paclitaxel and docetaxel. Specifically, antisense inhibition of BRCA1 in BG1-AS4 cells decreased paclitaxel sensitivity by >1,000-fold with IC 50 values increasing from 7.0 nmol/L in BG1-Neo cells to (Fig. 2C) . In addition, compared with scrambled control, siRNA-mediated knockdown of BRCA1 in OVCAR5 cells resulted in a >2,000-fold decrease in sensitivity to paclitaxel with IC 50 values increasing from 0.23 nmol/L to 0.58 Amol/L (Fig. 2D) .
Similar effects were observed following docetaxel treatment with antisense to BRCA1 in BG1-AS4 cells, decreasing docetaxel sensitivity by >800-fold with IC 50 values increasing from 24 pmol/L in BG1-Neo cells to 20 nmol/L in BG1-AS4 cells (Fig. 2E) . In accordance, when compared with scrambled Fig. 2 . Dose inhibition assays in BG1 (A, C, and E) and OVCAR5 (B, D, and F) epithelial ovarian cancer cell lines using antisense and siRNA knockdown of endogenous BRCA1expression, respectively, followed by treatment with cisplatin (A and B), paclitaxel (C and D), and docetaxel (E and F). n, BG1-Neo and OVCAR5-SCR (scrambled oligonucleotide control); E, BG1-AS4 and OVCAR5-BRsi (BRCA1siRNA oligonucleotide).
control, abrogation of BRCA1 using siRNA in OVCAR5 cells resulted in a >250-fold decrease in sensitivity to paclitaxel with IC 50 values increasing from 0.88 nmol/L to 0.22 Amol/L (Fig. 2F) . Taken together, these data show that reduced BRCA1 expression in both BG1 and OVCAR5 cells confers increased sensitivity to the DNA-damaging agents cisplatin and carboplatin and increased resistance to the taxanes paclitaxel and docetaxel.
BRCA1 is a predictive marker of survival following chemotherapy in epithelial ovarian cancer patients. Based on our preclinical data, we investigated if BRCA1 mRNA expression levels might predict survival outcome in vivo. To do this, we carried out a retrospective clinical analysis of seventy sporadic ovarian cancer patients and correlated BRCA1 mRNA expression levels with overall survival following treatment with platinum or a combination of platinum and paclitaxel chemotherapy.
Clinicopathologic characteristics of the patient cohort are described in Table 1 . It was noted that 46 patients received platinum-based chemotherapy as first-line treatment (Table 1) . This included single-agent carboplatin or cisplatin or a combination of both cisplatin and cyclophosphamide. Twenty-four patients received paclitaxel in combination with either cisplatin or carboplatin. The median survival for all patients was 37.0 months [95% confidence interval (95% CI), 19.7-54.3 months].
Quantitative real-time PCR was done on all 70 samples using BRCA1-specific primers relative to b-tubulin and GAPDH controls. BRCA1 mRNA expression was measurable in all samples and considerable variability in expression levels was observed on mean normalization of BRCA1 to both endogenous reference genes. Patients were subdivided into three groups based on low (0.015-0.17; mean, 0.09), intermediate (0.20-0.84; mean, 0.5), and high (0.90-14.1; mean, 4.7) levels of BRCA1 mRNA expression (Fig. 3A) and the clinical characteristics of these three subdivisions were then compared. In a univariate analysis of overall survival, patients who had low levels of BRCA1 mRNA had a median survival of 56.0 months (95% CI, 1.8-110.2 months) whereas those with intermediate levels of BRCA1 mRNA had 47.0 months (95% CI, 21.9-72.1 months) and those with high levels of BRCA1 mRNA had a median survival of 21.9 months (95% CI, 10.7-27.3 months; Fig. 3B ). Because patients in the low and intermediate groups had similar levels of BRCA1 mRNA (normalized to <1; SD, 0.26) and because there was no significant difference in their median survival (P = 0.85), these two groups were combined for further statistical analysis. Clinicopathologic characteristics of these two patient groups (low/intermediate BRCA1 expressors versus high BRCA1 expressors) are summarized in Table 2 .
Univariate analysis of patients who received a platinumbased chemotherapy regimen (Fig. 4A ) revealed that patients who had low/intermediate levels of BRCA1 mRNA in comparison with patients with high levels of BRCA1 mRNA had a statistically significant reduction in risk of death, which related to a survival advantage of 39 months [57.2 months (95% CI, 25.7-86.3) versus 18.2 months (95% CI, 8.0-28.4); P = 0.0017; hazard ratio, 2.9]. This suggests that patients with ovarian tumors displaying lower levels of BRCA1 mRNA expression may gain greatest benefit in terms of increased survival when treated with platinum-containing chemotherapy regimens.
Furthermore, there was no evidence that patients with low/ intermediate levels of BRCA1 gained any benefit from the addition of a taxane (data not shown). However, univariate analysis did suggest a trend toward additional benefit from taxanes in patients with higher levels of BRCA1 mRNA, with a 4.8-month increase in median survival when compared with those who received platinum-only chemotherapy [23.0 months (95% CI, 10.2-33.6) versus 18.2 months (95% CI, 8.0-28.4); P = 0.12; hazard ratio, 0.53]. Although nonsignificant, these data suggest that there may be a reduction in the risk of death for patients with high levels of BRCA1 when paclitaxel is used in combination with a platinum agent (Fig. 4B) . Therefore, patients with high levels of BRCA1 mRNA in tumors may gain a survival advantage on treatment with taxane-based chemotherapy. Further univariate analysis revealed that stage was also significantly associated with survival and patients with stage III/IV had a worse survival (P = 0.001; hazard ratio, 3.84). Multivariate analysis using Cox regression revealed that both 
Discussion
We provide both preclinical and clinical evidence to suggest that BRCA1 is a differential modulator of survival in sporadic ovarian cancer. Specifically, we show in both BG1 and OVCAR5 cells that inhibition of endogenous BRCA1 expression results in a significant increase in resistance to the antimicrotubule agents paclitaxel and docetaxel and, conversely, an increase in sensitivity to the DNA cross-linking agents cisplatin and carboplatin. In addition, we show that the observed differential sensitivity is due to differential regulation of apoptosis by BRCA1. Finally, we provide retrospective clinical data to suggest that low levels of BRCA1 mRNA correlate significantly with improved outcome on treatment with single-agent platinum and that patients with high levels of BRCA1 mRNA may gain greater benefit from combination chemotherapy involving platinates and taxanes.
In accordance with our observation that reduced BRCA1 expression confers enhanced sensitivity to cisplatin, antisense inhibition of BRCA1 in SKOV3 ovarian cancer cells results in increased cisplatin cytotoxicity (23) . Several in vitro murine ovarian cancer models are also in agreement. First, overexpression of a BRCA1 dominant negative mutant in ID8 murine ovarian cancer cells correlates with increased sensitivity to cisplatin (24) . Second, BRCA1-deficient murine ovarian surface epithelial cells were more sensitive to cisplatin-induced cell death when compared with corresponding BRCA1 wild-type cells (33) . A third report also showed that conditional inactivation of BRCA1 in the mouse ovarian surface epithelium results in enhanced cisplatin sensitivity (34) . Finally, a recent study using genome-wide siRNA screening revealed that increased cisplatin cytotoxicity was observed in BRCA1 dysfunctional tumor cells, and this effect was enhanced with p53 deficiency (35) .
Fewer studies have investigated the potential role of BRCA1-mediated response to taxanes. We provide the first preclinical evidence that wild-type BRCA1 confers a significant increase in sensitivity to the antimicrotubule agents paclitaxel and docetaxel in ovarian cancer cell lines. This observation is consistent with numerous other breast cancer studies (36) . Several clinical studies have shown that BRCA1 mutation carriers have a better clinical response to anthracycline-and cyclophosphamidecontaining chemotherapy than corresponding sporadic breast cancer patients (16) . In support of this, BRCA1 carriers are also more sensitive to radiation (17) . In agreement with these breast cancer studies, BRCA1 germ-line mutation carriers with epithelial ovarian cancer have a significantly more favorable outcome than patients with sporadic ovarian cancer (26, 37, 38) . This increased survival may be potentially explained by the enhanced response of BRCA1 associated patients to platinum-based chemotherapy (27) , which is likely due to loss of BRCA1-mediated DNA damage response and DNA repair.
The consequence of epigenetic inactivation of BRCA1 on taxane-based chemotherapy response in sporadic epithelial ovarian cancer has not yet been reported. This is a somewhat surprising fact because BRCA1 is epigenetically inactivated in 72% to 90% of sporadic ovarian tumors (6, 7) . To date, only one sporadic breast cancer study has investigated levels of BRCA1 mRNA expression and response to anthracyclinebased chemotherapy, and it suggested that high levels of BRCA1 mRNA correlate with response to anthracycline-based chemotherapy (39) . It is unclear why such a different effect was observed in this study, which is in contrast to that observed in the inherited form of breast cancer or in the in vitro models of breast cancer already reported in the literature (40) . It may possibly relate to the small sample size or because the study measured rates of response rather than overall survival rates as in the current study. However, in accordance with our current findings, BRCA1 mRNA expression levels were reported to be important in predicting outcome following cisplatin-containing chemotherapy in sporadic non -small-cell lung cancer (19) . Specifically, it was shown that patients with low levels of BRCA1 mRNA gained greatest benefit from cisplatin-based chemotherapy treatment whereas higher-BRCA1-expressing patients had the poorest outcome. The authors concluded that levels of BRCA1 mRNA expression were indicative of differential cisplatin sensitivity in non -small-cell lung cancer, which is consistent with our current study. We have also observed that functional BRCA1 can enhance the response of ovarian cancer cells to paclitaxel in vitro. Previously published phase III ovarian cancer clinical trials show that the addition of paclitaxel to platinum provides significant improvements in response rates and overall survival when compared with cyclophosphamide and cisplatin (41, 42) . Our retrospective clinical data suggest that high levels of BRCA1 mRNA may predict which patients gain survival benefits following paclitaxel-based chemotherapy. In addition, a recent breast cancer study supports this observation because BRCA1-expressing tumors had improved clinical outcome following taxane chemotherapy as assessed by time to progression (22) .
In conclusion, we provide both preclinical and retrospective clinical data to suggest that BRCA1 may function as a predictive biomarker of response to chemotherapy agents used in the treatment of ovarian cancer. Our data suggest that sporadic epithelial ovarian cancer patients with low levels of BRCA1 mRNA expression may gain the majority of therapeutic benefit from platinum chemotherapy agents, whereas patients with higher levels of BRCA1 potentially have a better response to regimens containing taxanes. These observations suggest that BRCA1 mRNA levels may be an important therapeutic biomarker in treatment decisions involving sporadic epithelial ovarian cancer patients. These preliminary findings will need to be further validated in a larger retrospective cohort of epithelial ovarian cancer patients and may, in future, potentially be used to stratify patients for choice of therapy most likely to result in benefit.
